This work investigates the correlation between the in-vitro wear resistance and the nanomechanical properties of dental sealants commercially available. Mechanical properties, namely hardness (H) and elastic modulus (E), were assessed by nanoindentation technique. The coated samples presented lower H and E values than the Z250 composite resin substrate. Such measurements were used to calculate H/E ratios. Wear tests were carried out in water by using a pin-on-plate apparatus. Scars formed on the samples were qualitatively examined by optical microscopy, while their wear depths were measured by contact profilometry. Based on the findings, an empirical correlation between the wear depths and H/E was obtained. A high H/E ratio was associated to surfaces with enhanced wear resistance. For the tribological conditions here employed, the H/E ratio could be, therefore, considered a useful parameter for ranking the in-vitro wear of dental sealants.
Introduction
Over the past years, light-cured composites have been widely used in dental restoration. Although relatively easy to handle, cost effective and aesthetically advantageous over other restoration materials, these materials still face some important limitations which hinder their wide-spread use, such as: low wear and fracture resistance, high water absorption and large polymerization shrinkage. Limited color stability, long-term marginal integrity and ability to adhere to the tooth structure are also important factors that must be taken into account when employing such materials. In this way, the use of dental composites under high loads and in large restorations is still avoided. In spite of the many efforts that have been made in order to optimize the mechanical properties of dental composites by adding small inorganic particles into composite resins, wear is still one of the major limiting factors [1] [2] [3] [4] [5] [6] . Wear abrasion and attrition generate wear debris, which can be cytotoxic particles or lead to third-body wear mechanisms. Besides to that, biodegradation may reduce the surface hardness and wear resistance due to the presence of microorganisms in the oral cavity 7 . Surface sealers are currently employed as an attempt to overcome some of these limitations. Generally, dental sealants present low viscosity and surface energy, being able to penetrate, fill in and cover surface defects and, therefore, improve the resin surface by filling the microfissures and small irregularities usually presented in such composites. Further, they improve marginal integrity, reduce microleakage, decrease surface roughness and increase wear resistance [8] [9] [10] [11] [12] [13] . Beun et al. (2012) 14 have shown that resin-based pit and fissures sealants commercially available are effective on preventing pit and fissures. On the other hand, if fissures need to be enlarged, flowable resin composites would be more adequate 14 . Although surface sealants do increase wear resistance of dental composites, the samples filled with surface sealants present reduced surface hardness 11 . This observation is opposite to the common-sense direct correlation between hardness and resistance to abrasive wear. Kim et al. (2002) 15 have observed a negative correlation between wear and hardness also in case of pit and fissures sealants when studying the effects of different curing methods and storage on their properties 15 . On the other hand, no correlation was found between these two properties in the case of dental composites 16 . This study is focused on the relation between laboratory wear and mechanical properties of commercial dental sealants. For this purpose, wear tests were carried out in liquid medium using a pin-on-plate equipment, while the mechanical properties were measured by nanoindentation tests. Based on the obtained results, an empirical correlation between wear resistance and mechanical properties of commercial light-cured dental composites coated with surface sealants is established. microhybrid composite resin was inserted into the mold hole and photo-cured with halogen light for 40 seconds by using the photo-curing Optilux 401 unit (Demetron, TX, USA) with 800 mW/cm² light intensity. Then, the Z250 resin samples were abraded with 1200 grit SiC papers. Afterwards, the samples were soaked in a 37% H 3 PO 4 solution for 15 seconds, rinsed with deionized water, and finally, dried in air.
A total of 4 different commercial sealants were employed to fill the composite resin samples, as shown in Table 1 . The sealants were applied following the manufacturers' instructions. A total of six Z250 samples were sealed with each one of the sealants, and six Z250 samples were not sealed. Table 1 summarizes the procedures for each case. All samples were kept in a vial without light and soaked in deionized water for 7 days prior to the experiments. Thicknesses of the applied sealants were measured by contact profilometry with a stylus profilometer Dektak IIA. For each sealant, two samples (3 scans on each one) were used to determine the average thickness (total of 6 scans). As shown in Table 2 , the thicknesses of the applied sealants varied in the 50-60 µm range.
Surface morphologies of the samples were observed by scanning electron microscopy (SEM) with a JEOL 6460LV microscope working at 20 kV.
Hardness and elastic modulus of the specimens were measured by nanoindentation tests using a MTS/Agilent G-200 nanoindenter with a Berkovich diamond tip. Indentation measurements were carried out at 16 different spots 30 µm apart of each other. The loading-unloading cycle method was employed by applying loads of 1.25, 2.5, and 5.0 mN. A standard fused-silica sample with known properties was used for tip area calibration. A Poisson's ratio (ν) of 0.3 was used on calculations 15 . The mechanical properties of the samples were calculated using the method developed by Oliver and Pharr 17 . Wear tests were carried out in liquid medium by using a pin-on-plate apparatus with stationary upper pin and linearly-reciprocating plate. Empress 2 ® (Ivoclar Vivadent, Liechtenstein) Li 2 Si 2 O 5 -based ceramic with 2.0 mm diameter and 7.0 mm length was used as the pin (counter-face). The pins surfaces were abraded with 600 and 1200 grits SiC papers before the wear tests. For each wear test, the pin was replaced by a new one. A normal force of 5.0 N, a cycle length of 1.0 mm, linear velocity of 0.5 mm/s (frequency of 0.5 Hz), and a total number of 10,000 cycles were employed. Such parameters were chosen based on the work of other authors 18 . Deionized water was used as liquid medium at room temperature. A peristaltic pump was used to ensure that the sample and pin were soaked in the liquid during the tests. After the tests, the samples were gently rinsed with deionized water and dried in ambient air. The wear scars formed on the surfaces were observed by optical microscopy. The depths of the wear scars were measured by contact profilometry. A total of 6 measurements in the two directions parallel and perpendicular to the sliding direction were performed on each sample. The results were analyzed using one-way ANOVA followed by 2-tailed Student t-test (α = 0.05), where p < 0.05 indicates a significant difference. Figure 1 shows the surface morphologies of the asprepared samples observed by scanning electron microscopy (SEM). The composite resin sample (Z250) show a non-uniform surface, containing particles and/or grains irregularly dispersed in the matrix, as expected for a resin composite material. Particle sizes appear to be in the range of a few microns or less. In case of BC and F samples, one can observe a very regular, smooth and structureless surface. The FG samples present very similar surface morphologies *perpendicular to the sample surface at 50 mm far from the substrate (Z250 resin).
Results and Discussion
to BC and F samples and, therefore, are not shown in this figure. FP samples, on the other hand, present slightly irregular surfaces, indicating the presence of particles with sub-micron sizes. The typical load-displacement curves obtained from the nanoindentation tests are shown in Figure 2 for composite resin (Z250) and BC samples. As one can observe, at similar loads the Z250 sample present much lower penetrations depths compared to the BC sealant. This means that bare Z250 samples present higher hardness than the samples covered by the BC sealant. The same qualitative result holds for all tested sealants, as will be shown further on. Penetration depths range from about 200 nm for the hardest samples (Z250) at the lowest loads, to around 1.3 µm for the softest samples at the highest loads. Therefore, all results obtained represent the mechanical properties near the surface of the samples at much shallower depths than conventional microhardness measurements. Figure 3 shows the hardness (H) values as a function of contact depth obtained for the samples at three different applied loads. The hardness obtained for the Z250 samples is around 1.3 GPa, regardless of the applied load. The relatively large standard deviations, mainly at the shallow depths, are basically related to the sample surface roughness and the presence of particulate material in the volume bulk (see Figure 1) , since contact depths lower than 500 nm were reached.
In case of the surface sealers, the hardness values range from about 0.1 GPa (FP sample) to approximately 0.8 GPa (F sample), with BC and FG samples presenting intermediate values of about 0.2-0.3 GPa. In all cases, only a slight increase of the hardness values was observed when deeper contact depths were achieved. This small increase is a good indication that the measurements were not influenced by the Z250 resin substrate. Therefore, the measured values can be related to the sealant materials alone and not to the composite hardness (composite resin + sealant). It is important to stress that this is not necessarily the case of conventional microhardness tests, where much higher loads (in the range of 10 to 100 g) may be employed and much deeper depths may be reached, increasing the influence of the resin substrate on the measurements. Nevertheless, the present findings are in qualitative agreement with those from Bertrand et al. 11 and Catelan et al. 19 , where the application of a surface penetrating sealant reduced the microhardness values of the resin composites.
The obtained elastic modulus (E) values as a function of contact depth for the Z250 composite resin and the four 11, 20 . It is interesting to note that among the tested sealants the only one that incorporates inorganic silica particles in its composition is the one which presents the smallest values of both hardness and elastic modulus. This is in principle not expected since the purpose of incorporating inorganic particles would be precisely to obtain a composite material with improved mechanical properties. In order to understand this apparently contradictory result, we must first pointed out that one cannot regard the present determination of hardness and elastic modulus by nanoindentation as representative of the (macroscopic) bulk properties of the composite material under service conditions, since a very small volume of the material (with typical dimensions of the order of a micron) is tested during nanoindentation. On the other hand, the volume probed by the present nanoindentation measurements is large enough to include several silica particles, since, as one can see in Figure 1 (FP sample), the particles sizes are well below 1 µm. Therefore, the conditions employed are in such a way that particle reinforcement should be observed if this mechanism was effective.
In order to evaluate the wear resistance of the commercial sealants, in-vitro wear tests were carried out in liquid medium. The optical microscopy images of the wear scars formed on the surfaces are shown in Figure 5 . A qualitative evaluation shows that the FP sealant presented the most damaged surfaces, whereas the FG samples seemed to be the most resistant ones to these tests. In addition, the FG, BC and F sealants appeared to be less damaged than the bare Z250 composite resin. Thus, according to results of these tests, the use of the FG, BC and F surface sealers appear to be effective to reduce wear. On the other hand, the FP samples seemed to be slightly more damaged when compared to the Z250 samples. Such findings were quantitatively confirmed as shown below.
The wear resistance of the samples was quantitatively evaluated by measuring the depths of the wear scars by perfilometry. The depth of each scan was determined and the obtained average values (n = 36) are displayed in Table 2 . In agreement with our qualitative evaluation of the wear scars, the BC, FG and F sealants presented smaller wear depths than the Z250 composite resin, whereas the samples coated with FP were more damaged than the bare resin substrate. When the sealant materials are compared, the BC and FG samples present very similar wear depths, which do not differ significantly (p > 0.05). The comparison among the depths of the other three samples (Z250, F and FP) revealed that they are significantly different from each other (p < 0.05). Therefore, it can be stated that the BC and FG sealants are the most resistant to wear. In opposition, the FP samples were the most damaged materials. These findings are in accordance to the qualitative results presented in Figure 5 . The present results are also in qualitative agreement with in-vivo experiments of other authors which showed that the F (Fortify ® ) sealant can improve the wear resistance of composite resins 5, 9 . Other in-vitro studies have also reported that both F and BC sealants can reduce the wear 12, 21 . To certain extent, toothbrushing tests have indicated that surface sealers can ensure the restoration quality, despite having their surfaces roughnesses increased after tests 22, 23 . In the classical theory of wear, hardness is the most important property of a material for defining its wear resistance. The well-known Archard relation, which states an inverse relation between wear rate and hardness, holds for numerous materials under different situations. Therefore, in searching for wear-resistant materials, one generally looks for materials with high hardness. As hard materials usually present high elastic modulus, one can also find a direct correlation between wear resistance and elastic modulus 24 . This is clearly not the case of the present materials, since all investigated sealants present hardness and elastic modulus values smaller than those of the Z250 composite resin, whereas most of them present improved the wear resistance. Furthermore, when comparing the surface sealers among themselves, those materials with intermediate values of both hardness and elastic modulus are exactly those which show the highest wear resistances.
Some polymeric materials (like some elastomers), on the other hand, also present excellent wear resistance although they may be very soft when compared with other type of materials. In this case, however, wear resistance is not determined solely by the hardness of the material. Hill et al. (1997) 25 have divided the wear rate versus hardness dependence of polyurethane elastomers in three different regions: in the first region (low hardness values) the usual behavior is observed, where wear resistance increases with increasing hardness; in the second region (intermediate hardness values) wear resistance is approximately independent of hardness; finally, in the third region (high hardness values) the wear resistance decreases with increasing hardness 25 . Therefore, in the general case, hardness cannot be the only indicator of the wear resistance polymeric material, as in the present case of the present results.
Some authors have suggested the use of the ratio (H/E) between hardness H and elastic modulus E as a measure of the wear resistance of a material or coating, following the original work of Oberle 26 and Leyland and Matthews 27 . Such parameter combines the desired capability of some types of wear resistant materials to withstand the largest possible elastic deformations (low E) in combination with the smallest permanent deformation (high H) under a certain load, which must be sustained without fracture. Figure 6 presents the H/E ratios derived from the nanoindentation tests for the four sealed samples. Bare Z250 composite samples were not included in this plot. As one can observe, the H/E ratios of both BC and FG samples are the highest ones and very similar to each other. The F sample shows a smaller H/E ratio, followed by the FP samples which have the smallest values. Some variation of the H/E ratio with the applied load was observed, but it does not affect the comparison among the four different materials. Assuming a correlation between H/E ratio and wear resistance, the results of Figure 6 would indicate that both BC and FG samples are the most wear resistant ones, followed by the F sample, and finally FP sealant, which is exactly the same ranking obtained from the wear tests (see Table 2 and Figure 5 ). Figure 7 presents the average values of wear depth as a function of the average values of the obtained H/E ratios for the four investigated coated materials. An interesting correlation between the two parameters results, in spite of the large error bars that notably exist in case of the largest wear depths. This is, however, an inherent feature of the wear scars. Based on these results, one can assume that a correlation between H/E ratio and wear resistance exists for the case of these sealant materials. Therefore, from the point of view of wear resistance, the ideal sealant material would be the one with the largest possible H/E ratio.
The photo-curing time is a crucial parameter that must be carefully considered regarding the mechanical and wear properties of dental materials. The employment of an accurate photo-curing is critical, since the properties of the surfaces may depend on the energy density, wavelength, exposition time, and distance between the light source and surface 15, 28 . As shown by da Silva et al. (2007) 29 , hardness of composite dental resins may also depend on the specific photo-curing unit employed 29 . It would not be surprising if a similar dependence would occur in case of sealant materials. In any case, inadequate photo-curing would affect negatively the properties of the sealant materials, quantitatively changing the obtained results of the materials performance. However, this would affect both the mechanical and wear resistance properties, but should not affect the relation obtained between wear resistance and H/E ratio.
It is important to discuss the reasons why the FP samples presented the lowest wear resistance among the investigated sealants. One important point to be considered is that, in contrast to the other sealants, this material presents silica particles in its composition. Therefore, upon analyzing the wear tests results alone, one could eventually attribute the observed noticeable wear damage to the presence of such particles in the wear region, which in principle could contribute to increase abrasion during the experiment, thus increasing the wear of such samples. Regarding the experimental conditions here employed, with a continuous flow of liquid media during the measurements, this not seems to be the case. 30 have investigated the abrasive wear of silicone rubbers filled with inorganic particles and found that the detailed interaction between the filler particles and the hard abrasive asperities is the key to determine the wear behavior 30, 31 . The detailed wear mechanism is determined by the relation between the filler particle dimensions and the asperities spacing 30, 31 . When the particle dimensions are larger than the asperities spacing a load-supporting action takes place and wear of the filler particles dominates. When particle dimensions and asperities spacing are similar, the load-supporting action decreases and filler pull-out can occur resulting in much higher wear rates. Finally, when the particle dimensions are small compared with asperities spacing, there is no load-supporting action and the wear behavior resemble that of the homogeneous material. In the last two cases, good adhesion of filler particles to the matrix is of fundamental importance in order to improve wear resistance.
Microscopic examination of FP samples showed that particles sizes are in the submicron range and, therefore, we can expect our wear tests to be in the regime where particle sizes are smaller (or maybe similar) to the asperities spacing and conclude that adhesion of particles to the polymeric matrix is very important in this case. The low values obtained for the mechanical properties H and E (and also H/E) suggest that very small reinforcement (if any) is provided by the filler particles in case of these samples. Therefore, it seems likely that only the properties of the sample matrix are being probed in the present experiments. In this way 32 compared the in-vivo wear to six different laboratory wear tests 32 . Accordingly, none of the tested methods were able to predict the clinical wear of conventional dental resins 32 . In this case, the in-vitro wear results are limited to the fact that they do not reflect the clinical wear observed. The oral environment involves, indeed, many other issues that affect the wear of dental resins, for example: pH, corrosion, time, forces, movement directions, etc. In practice, one can hardly mimic all the conditions in simple laboratory tests. Notwithstanding, the in-vitro wear methods can be useful to evaluate and rank the materials performance before clinical trials, and also to study their wear mechanisms under certain (or limited) conditions. The latter depends on the laboratory method used, since different mechanisms can be resulted from different methods for the same material 33 . In case of pin-on-plate (reciprocating) wear tests, adhesive, abrasive and/or fatigue are the main wear mechanisms presented. Abrasive wear takes places due to the interposition of wear debris between the resin and antagonist pin, thereby generating the three-body wear. Afterwards, fatigue wear can lead to micron-cracks formation and propagation (not seen in our samples), depending on the forces applied and number of cycles. Hence, the found H/E relation could be applied to dental sealants when the wear mechanisms under consideration resemble somehow those presented for pinon-plate tests.
Conclusions
The present results showed that the wear resistance of a commercial microhybrid resin composite can be enhanced by the use of surface sealers. Both hardness and elastic modulus of the sealants were found to be smaller than those of the composite resin. The wear resistance of the surface sealers was associated with their H/E ratios. Regarding the tribological conditions here employed, the relation H/E could be also used to rank the laboratory wear performance of such materials. From the point of view of wear resistance, the desired properties of a sealant is withstand the largest possible elastic deformations (low E) in combination with the smallest permanent deformation (high H) under a certain load, which must be sustained without fracture.
